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Abstract
We analyzed the M-H loop observed for Fe3O4/bcc-Fe(001) junctions with thin insertion layers
of Co or Mn by using several models that include bilinear and biquadratic coupling and twisting
of magnetization near the interface. Both biquadratic and twisting of the magnetization are
found to be important for explaining the M-H loop. To clarify the mechanism of antiparal-
lel (AP) coupling in the Fe3O4/bcc-Fe junction, we performed ﬁrst-principles calculations for
junctions with and without extra Fe atoms on hollow sites of the spinel lattice at the interface.
It was shown that parallel coupling is stable for junctions without extra Fe atoms whereas AP
coupling becomes stable when the number of extra Fe atoms increases. The results suggest that
magnetic frustration may occur when a nonuniform distribution of the extra Fe atoms exists at
the interface.
Keywords:
1 Introduction
The phenomenon of interlayer exchange coupling (IEC) has been widely observed in mag-
netic heterostructures such as metallic multilayers, and trilayer systems composed of two
ferromagnetic ﬁlms separated by a thin nonmagnetic ﬁlm that is either a metal or an
insulator.[1, 2, 3, 4, 5, 6] The physics underlying IEC has been widely investigated because
of its importance for both fundamental physics and magnetic device applications.[2, 4] The
long-period oscillation of IEC as a function of the thickness of the nonmagnetic spacer in
magnetic multilayers has well been explained in terms of the RKKY-type oscillation produced
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by quantum-well states conﬁned within nonmagnetic spacers.[7, 8, 9] The antiparallel (AP)
alignment is crucial to give rise to the giant magnetoresistance in magnetic multilayers and
to suppress magnetostatic energy in exchange-bias systems. A biquadratic coupling between
magnetizations in magnetic multilayers has often been observed, but its mechanism, however,
has yet been unsettled.[10] As for the IEC of trilayers with an insulating spacer, an extrin-
sic mechanism originating from impurities, rather than the intrinsic mechanism, seems to be
important to explain the observed results.[5, 6]
We have recently observed a comparably strong AP IEC, ∼1 erg/cm2, at the interface of
a bilayer Fe3O4(magnetite)/bcc-Fe(001) junction.[11, 12] The AP coupling of magnetization
of the system is interesting because of the following three points: (i) The mechanism of AP
coupling originates from the direct contact of two ferromagnets, (ii) it has potential applicability
to spintronics devices, and (iii) the magnitude of AP coupling is controllable. We previously
performed ﬁrst-principles calculations to clarify possible mechanism of the AP coupling.[13]
However, it was found that ideally epitaxial junctions always give parallel (P) coupling and
the strength of the coupling is two orders of magnitude larger than the observed one. For the
controllability of AP coupling, we have proposed that the presence of impurity states at the
interface can cause extrinsic IEC and that Co impurities inserted between Fe and Fe3O4 layers
make the AP IEC weak whereas the insertion of Mn or Cr preserves or even enhances the AP
IEC.[14] The theoretical proposal has been conﬁrmed experimentally to clarify the importance
of the Fe3O4/Fe contact interface. Because the mechanism to control the IEC is extrinsic, the
theory fails to provide any hint at understanding a possible intrinsic mechanism of AP IEC of
the Fe3O4/Fe contact.
One of the purposes of this work is to analyze the M-H loop of Fe3O4/Fe junctions with
a thin Co or Mn layer between bcc-Fe (α-Fe) and Fe3O4 by using various models. We will
show that magnetization twisting is crucial to explain the M-H loop at high magnetic ﬁelds
and that a biquadratic exchange interaction should be taken into account to understand the
low-ﬁeld M-H loop. The other purpose of this work is to clarify the mechanism of AP IEC in
Fe3O4/α-Fe junctions. To this end, we focus our attention on the intrinsic spinel structure of
Fe3O4 with hollow sites and perform ﬁrst-principles calculations of total energy of Fe3O4/α-Fe
junctions with extra Fe atoms on the hollow sites at the interface. We will show that extra Fe
atoms located on hollow sites may mediate AP coupling between α-Fe and Fe3O4 layers. We
suggest that the coexistence of the P and AP couplings may produce frustration in alignment
of α-Fe and Fe3O4 magnetizations, resulting in biquadratic exchange interactions.
2 Analysis of M-H loop
We analyze the M-H loop of Fe3O4/α-Fe junctions with thin Co or Mn layers between α-Fe
and Fe3O4 layers. The samples were grown by using an O2-assisted molecular beam epitaxy
technique. To modulate the interface state, wedge-shaped thin doping layers of either Mn or
Co with a thickness in the range of 0–2 monolayers (MLs) were inserted by using a moving-
mask system. The depth proﬁles of the inserted elements were conﬁrmed by secondary ion
mass spectroscopy, and the diﬀusion of Mn and Co was found to be negligible. The sam-
ple structure is described as MgO(001)-substrate/MgO(20 nm)/Fe3O4(13 nm)/Mn or Co(0-2
ML)/α-Fe(9 nm)/Au(5 nm), in which the magnetic moments per unit surface area of the two
ferromagnetic layers are ≈0.52×10−3 emu/cm2 for Fe3O4 and ≈1.53×10−3 emu/cm2 for α-Fe.
Magnetization measurements were carried out using a commercially available superconduct-
ing quantum interference device (SQUID) magnetometer. Other experimental details will be
published elsewhere.[15]
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Several models for IEC, including bilinear (J1) and biquadratic (J2) interactions and twisting
of magnetizations of Fe3O4 and α-Fe layers, are adopted to analyze the M-H loop. The models
which include J1 and J2 assume uniform rotation of magnetizations of Fe3O4 and α-Fe layers.
However, because the layer thickness of our junctions is much larger than that in the multilayers
and trilayers studied previously, inclusion of magnetization twisting seems to be inevitable.
Therefore, instead of adopting the LLG-type analysis, we develop a ﬁtting method to include
layer-by-layer twisting of the magnetization, that is, an in-plane rotation of the atomic layer
magnetization near the interface of Fe3O4 and α-Fe layers.
The free energy per unit area of the magnetically coupled bilayer system is expressed as
F = EZ + Eex, (1)
where EZ and Eex are the Zeeman energy and exchange coupling energy, respectively. The
magnetic anisotropy energy is neglected because the M-H loops for inequivalent in-plane di-
rections of H‖[100] and H‖[110] are almost the same and the M-H loop diﬀerence between
the in-plane one and the out-of-plane one corresponds to the demagnetization energy for the
α-Fe and Fe3O4 layers. The bilinear and biquadratic models are characterized by exchange
parameters J1 and J2, respectively. The models we adopted are (i) a simple-J1 model, (ii) a
J1 + J2 model, (iii) a twist-J1 model in which magnetization twisting is taken into account in
the Zeeman energy and IEC energy, and (iv) a twist-J1 + J2 model where all ingredients are
taken into consideration.
For the simple-J1 model and J1 + J2 model, EZ and Eex can be written as follows:
EZ = −HMAtA cos θA −HMBtB cos θB, (2)
Eex = −J1 cos(θA − θB)− J2 cos2(θA − θB). (3)
Here, subscripts A and B denote Fe3O4 and α-Fe, respectively, M is the magnetization of each
layer, t is the thickness of each layer, and θA(B) stands for the angle between the magnetization
of the A(B) layer and the direction of the external ﬁeld H. Hereafter, we assume that MFe3O4 =
400 emu/cm3 and Mα−Fe = 1700 emu/cm3, by considering the experimental observation. Note
that J2 = 0 for the simple-J1 model. Because of the sign convention in eq. (3), a negative value
of J1 tends to realize AP coupling, and a negative value of J2 tends to realize a 90
◦ coupling.
In eqs. (2) and (3), the ﬁtting parameters are J1, J2, θA, and θB.
The interior-twisted state with bilinear coupling at the interface can be treated by modifying
Motokawa’s model[16] for a multilayer system. EZ and Eex for a bilayer system are, respectively,
described as
EZ = −H
[
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{
cosφA +
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cos
(
φA +
n∑
i=1
φiA
)}
+ mB
⎧⎨
⎩cosφB +
NB−1∑
n=1
cos
⎛
⎝φB + n∑
j=1
φjB
⎞
⎠
⎫⎬
⎭
⎤
⎦ , (4)
Eex = −AAm2A
NA−1∑
n=1
cosφiA −ABm2B
NB−1∑
n=1
cosφiB
− J1 cos
⎛
⎝φA + NA−1∑
i=1
φiA − φB −
NB−1∑
j=1
φjB
⎞
⎠ . (5)
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Figure 1: (a) Fitted results for the in-plane M-H loop observed for a 13-nm-thick Fe3O4 and
9-nm-thick α-Fe(001) junction at room temperature. (b) Insertion-layer-thickness dependence
of J1 and J2 ﬁtted for the M-H loop of Fe3O4/α-Fe junctions with thin Co or Mn layers by
using the twist-J1 + J2 model. Solid lines serve as a visual guide.
Here, NA(B) and AA(B) denote the number of subdivided layers and exchange coupling constant
of the ferromagnetic layer A(B), respectively. The parameter φA(B) is deﬁned as the angle
between the direction of the endmost sublayer (which is farthest from the interface) and the
external ﬁeld. The parameter φiA(B) denotes the angle between adjacent sublayers m
i
A(B) and
mi+1A(B). Here, the sublayers i = 1 and i = NA indicate the farthest and nearest atomic layers
from the interface of the A layer, respectively. The magnetization equilibrium conditions of the
free energy result in recursive conditions. Therefore, once a series of parameters in the equations
are given, the M-H curves can be numerically calculated by optimizing the free energy of the
model using the downhill simplex method (see ref.[15]). Values of the input parameters are
given in Table 1.
X dX (cm) AX (erg/cm
2) mX (emu/cm
2) NX
α-Fe 1.44×10−8 4.4×1011 2.44×10−5 62
Fe3O4 2.10×10−8 7.1×1011 8.40×10−6 61
Table 1: Parameter values used in the analysis of the M-H loop.
Figure 1(a) shows the analyzed result of the M-H loop observed for Fe3O4/α-Fe junctions
using the four models. We immediately discern the following three points from the ﬁgure: (1)
The simple-J1 model is unsuitable for the ﬁtting, (2) the low-ﬁeld M-H loop is well reproduced
by the J1 + J2 model, and (3) the smooth change in the M-H loop at high ﬁeld is reproduced
by models including the magnetization twisting. Thus both biquadratic coupling and magne-
tization twisting are crucial to ﬁt the M-H loop observed. However, the twist-J1 + J2 model is
unable to reproduce the low-ﬁeld M-H loop. The reason why our models are not able to repro-
duce completely the observed M-H curve could be attributed to the existence of a distribution
of the exchange coupling and/or roughness at the interface.
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Figure 2: Unit cell of hydrogenated Fe3O4/α-Fe junctions with M-Fe (see text) used in the ﬁrst-
principles calculations. Large gray, small green, and small white spheres indicate oxygen, iron,
and hydrogen atoms, respectively. The small blue sphere denotes M-Fe inserted in a hollow site
of Fe3O4.
The twisting of magnetization in the Fe3O4 layer has both a greater magnitude and a larger
range than in the α-Fe layer. For example, at H = 10 kOe, the twisting angle relative to the
inner magnetization direction is 76◦ at the Fe3O4 interface, while the corresponding angle is
-18◦ at the α-Fe interface. These results may be attributed to the weak exchange interaction
and larger atomic magnetic moments in Fe3O4 than those in α-Fe metal.
The ﬁtted values of J1 and J2 of the Fe3O4/α-Fe junctions with insertion layers are summa-
rized in Figure 1(b). We ﬁnd that J1 values of Mn-inserted Fe3O4/Fe junctions tend to remain
unchanged, whereas those of Co-inserted junctions diminish rather quickly with increasing in-
sertion layer thickness. This result is consistent with the theoretical prediction.[14] The J2
values are generally smaller than J1 values, and they include relatively large error bars; how-
ever, they could be non-negligible. In addition, the systematic dependence of both J1 and J2
values on the insertion layer thickness may support the validity of the present analysis.
3 First-principles calculation of IEC
We performed total energy calculation of Fe3O4/α-Fe junctions in P and AP alignments using
the ﬁrst-principles band calculation provided by the VASP package.[17] The method adopts
the projected augment wave (PAW) pseudopotential and a spin-polarized generalized gradient
approximation–Perdew-Wang (GGA-PW) method, which includes a correction of the Coulomb
interaction U . The cutoﬀ value of the plane waves is 400 eV. U is assumed to be 4.5 eV for
the Fe ions in Fe3O4, which results in the half-metallic states in Fe3O4 as calculated by Szotek
et al.[18] The value of U is assumed to be zero for Fe atoms in the α-Fe layer. The k-point
sampling is (9,9,4) or (15,15,3).
The unit cell used in the calculation is shown in Figure 2. The contact structure at the
interface of Fe3O4 and α-Fe is diﬀerent from that used in our previous calculations[13] in
which Fe atoms of α-Fe are located just above the middle position between the octahedral Fe
site and the oxygen site in the spinel structure. In the present calculation, we use a contact
structure in which α-Fe atoms reside just above oxygen sites of Fe3O4. Recent transmission
electron microscopy observation suggests that both contact structures are realized. Our previous
calculations, however, have not treated the contact structure with α-Fe atoms on oxygen sites,
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Figure 3: (a) Calculated results for the energy diﬀerence between P and AP alignments of
magnetizations of Fe3O4 and α-Fe layers with and without M-Fe insertion. (b) Calculated
results of the magnetic moment of Fe(A) and Fe(B) sites in Fe3O4 and Fe sites in α-Fe and
M-Fe. Open circles and crosses are the results for P and AP alignment, and the magnetic
moments of M-Fe are shown in red.
because the dependence of IEC on interlayer distance showed unphysical results. Considering
that the results may be attributed to a ﬁnite size eﬀect in the numerical calculations, in the
present calculations, we added hydrogen atoms at both sides of the unit cell as shown in Figure
2. The hydrogenation may produce an eﬀective self-energy broadening of tetrahedral Fe (Fe(A))
ions and octahedral Fe (Fe(B)) ions near the surfaces and results in a smooth dependence of
the IEC on the interlayer distance.
In the contact structure adopted in this work, hollow sites of the spinel structure appear at
the interface, and some Fe atoms evaporated on the Fe3O4 surface may enter into the hollow
sites. Such Fe atoms that reside in the middle region at the interface are called M-Fe, and one
is shown as a blue sphere in ﬁgure 2. In the following, we will show that M-Fe could mediate
AP coupling in Fe3O4/α-Fe junctions.
We have ﬁrst studied the dependence of IEC on the interlayer distance between Fe3O4 and
α-Fe(001) layers. The total energies in P and AP alignments, EP and EAP , respectively, change
smoothly and show minimal values at a distance of 1.9 A˚ for both cases. The energy diﬀerence
ΔE ≡ EAP −EP is ∼0.2 eV per unit cell, and, therefore, the P alignment is stable. This result
suggests that ﬂat contact of Fe3O4 and α-Fe(001) layers prefers P alignment of magnetizations,
as obtained in our previous calculations.
To clarify the role of M-Fe, we calculate exchange interactions of M-Fe/α-Fe and M-
Fe/Fe3O4 contacts independently prior to calculation of IEC of hydrogenated Fe3O4/α-Fe with
an M-Fe atom at the interface. In the case of M-Fe/α-Fe contact, two lattice constants, a = 5.94
A˚ of the Fe3O4 lattice and 5.74 A˚ of the α-Fe lattice, are adopted for the α-Fe lattice. In both
cases P coupling is stable, and the energy diﬀerence is ∼0.8 eV per unit cell. The P coupling of
the magnetic moment of M-Fe with that of α-Fe is reasonable. For the M-Fe/Fe3O4 contact, in
contrast, we ﬁnd that AP alignment is stable, and the energy diﬀerence is 0.35 eV per unit cell.
The AP coupling of the magnetic moment of M-Fe with that of Fe3O4 may be attributed to the
eﬀect of the magnetic moments of Fe(A), which are antiparallel to those of Fe(B), because the
hollow sites in which M-Fe resides is rather close to the Fe(A) sites. These results may suggest
Exchange coupling of Fe/Fe3O4 Honda,Yanagihara,Inoue,Kita,Itoh and Mibu
1085
that M-Fe could mediate AP coupling between magnetizations of Fe3O4 and α-Fe layers.
The calculation of IEC of the Fe3O4/α-Fe(001) junction with M-Fe is performed for the
structure shown in Figure 2, where the lattice constant a = 5.94 A˚ for the Fe3O4 lattice is
assumed. The interlayer distance between Fe3O4 and α-Fe layers is taken to be 2 A˚, because
the stable distance between M-Fe and Fe3O4 is found to be 0.66 A˚ and that between M-Fe and
α-Fe is ∼1.2–1.4 A˚ depending on the lattice constant a and the alignment (P or AP).
The calculated results for ΔE are shown in Figure 3(a). The results show that P coupling of
junctions without M-Fe does change to AP coupling with increasing number of M-Fe atoms at
the interface. Because of the small size of the unit cell, we are able to perform calculations for
only three types of junctions with zero, one, and two M-Fe atoms at the interface. Nevertheless,
we may speculate that P alignment is stable for Fe3O4/Fe junctions with a few M-Fe atoms
at the interface, whereas AP alignment is stable for junctions with an M-Fe-rich interface.
Competition between P and AP IEC could result in frustration of exchange coupling between
Fe3O4 and α-Fe magnetizations.
Figure 3(b) shows the distribution of magnetic moments calculated for Fe3O4/α-Fe junctions
including one M-Fe atom in the unit cell. Open circles and crosses indicate results for P and
AP alignment, respectively. Values of M-Fe in P and AP alignment are indicated in red. The
results indicate that the magnetic moments of α-Fe increases near the interface, whereas those
of Fe(A) and Fe(B) tend to decrease near the interface. M-Fe has a magnetic moment with
an intermediate value between those of Fe(B) and α-Fe at the interface. We also ﬁnd that
Fe(B) ions may have one of two values that correspond to high and low spin states of Fe3+
and Fe2+. However, the diﬀerence between these magnetic moments is much reduced compared
with that estimated in a simple ionic model. The reduction might be attributed to a strong p-d
mixing between O and Fe ions. Such a reduction has also been reported in other ﬁrst-principles
calculations.[19, 20, 21]
4 Summary
We have performed detailed analysis of the M-H loop observed for Fe3O4/α-Fe junctions with
thin insertion layers made of Co or Mn by adopting several models that include bilinear and
biquadratic coupling and twisting of magnetization near the interface. It has been found that
both biquadratic coupling and twisting of the magnetization are important to explain the M-H
loop and that the insertion of a thin Co layer between Fe3O4 and α-Fe layers weakens the AP
coupling observed for the Fe3O4/α-Fe junction, whereas Mn layer insertion would not aﬀect
the AP coupling, as is consistent with the theoretical prediction.
To clarify the mechanism of AP coupling in the Fe3O4/α-Fe junction, we have performed
ﬁrst-principles calculations for junctions with and without extra Fe atoms (M-Fe) on hollow sites
of the spinel lattice at the interface. It was shown that P coupling is stable for junctions without
M-Fe whereas AP coupling becomes stable when the number of the extra Fe atoms increases.
These results suggest that magnetic frustration may occur when a nonuniform distribution of
M-Fe exists at the interface. Such magnetic frustration could be the origin of the biquadratic
exchange interaction obtained in the analysis of the M-H loop.
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